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The seasonality of carbon dioxide partial pressure (pCO2), air-sea CO2 ﬂuxes and associated environ-
mental parameters were investigated in the Antarctic coastal waters. The in-situ survey was carried out
from the austral summer till the onset of winter (January 2012, February 2010 and March 2009) in the
Enderby Basin. Rapid decrease in pCO2 was evident under the sea-ice cover in January, when both water
column and sea-ice algal activity resulted in the removal of nutrients and dissolved inorganic carbon
(DIC) and increase in pH. The major highlight of this study is the shift in the dominant biogeochemical
factors from summer to early winter. Nutrient limitation (low Si/N), sea-ice cover, low photosynthetically
active radiation (PAR), deep mixed layer and high upwelling velocity contributed towards higher pCO2
during March (early winter). CO2 ﬂuxes suggest that the Enderby Basin acts as a strong CO2 sink during
January (81 mmol m2 d1), however it acts as a weak sink of CO2 with 2.4 and 1.7 mmol m2 d1
during February and March, respectively. The present work, concludes that sea ice plays a dual role
towards climate change, by decreasing sea surface pCO2 in summer and enhancing in early winter. Our
observations emphasize the need to address seasonal sea-ice driven CO2 ﬂux dynamics in assessing
Antarctic contributions to the global oceanic CO2 budget.
 2016, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Predicted future changes in the polar seas and continued sea
ice retreat (Arzel et al., 2006) will affect future marine biogeo-
chemistry, with important feedbacks on climate and marine eco-
systems, some of which have already been observed (Montes-
Hugo et al., 2009; Wassmann et al., 2011). As polar regions are
rapidly changing, understanding the large-scale polar marine
biogeochemical processes and their future evolution is of high
priority. Covering approximately 40% of the Southern Ocean’s
surface during maximum extent in September/October, sea ice is
an important component of Earth’s climate system and through a
variety of feedback mechanisms acts as an agent and indicator of
climate change (Thomas and Dieckmann, 2010). Sea ice is also a
structuring force in Antarctic marine ecosystems and plays a
crucial role in the primary productivity and biogeochemicalof Geosciences (Beijing).
eijing) and Peking University. Produ
c-nd/4.0/).
t al., Dynamics of sea-ice biog
://dx.doi.org/10.1016/j.gsf.201cycling in the Southern Ocean (Brierley and Thomas, 2002; Arrigo
and Thomas, 2004; Lannuzel et al., 2007; Thomas and Dieckmann,
2010). Ice algae primary production can contribute up to 25% to
the overall production of ice-covered waters in the Southern
Ocean (Lizotte, 2001; Arrigo and Thomas, 2004). Iron concentra-
tions in sea ice can be much higher than in the ocean and sea ice
can act as a seasonal Fe reservoir in the Southern Ocean (Lannuzel
et al., 2007), which can be released later into surface waters when
the ice melts.
Sea-ice covered regions show large spatial and temporal vari-
ability in sea surface CO2 (Bakker et al., 1997; Hoppema and
Goeyens, 1999; Hoppema et al., 2000; Alvarez et al., 2002;
Bellerby et al., 2004; Shim et al., 2006). Under saturation of sur-
face ocean pCO2 has often been found during summer (Popp et al.,
1999). The observations during winter show values close to, or in
some areas, well above atmospheric equilibrium (Goyet et al., 1991;
Rubin et al., 1998). The sea ice cover inﬂuences energy and mass
ﬂuxes between atmosphere and ocean, and strongly controls
pelagic production by reducing light availability (Smith and Nelson,
1985; Lizotte, 2001; Fitch and Moore, 2007). Another important
mechanism of interest is the sinking of CO2-rich brine which isction and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
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et al., 2007).
In order to understand the processes regulating the pCO2, we
studied hydrographical and biological variability in three con-
trasting months. Our primary objective was to characterize the
seasonal and spatial heterogeneity of surface water pCO2 in the
Enderby Basin in order to gain insight into seasonal biogeochemical
dynamics and the scale of variability.
2. Material and methods
Three research cruises were conducted in the eastern Antarctica
region (Enderby Basin) onboard the Ivan Papanin, ORV Sagar Nidhi
and R/V Akademik Boris Petrov, during January 2012, February 2010
and March 2009. The samplings were carried out along the Ant-
arctic coast (horizontal transects) during all study periods with two
additional vertical transects during February 2010 (Fig. 1). Satellite
derived parameters such as sea-ice coverage, upwelling velocity,
sea surface temperature (SST), photosynthetically active radiation
(PAR) and Chlorophyll-a were mapped to understand the biogeo-
chemical processes in the eastern Antarctic coastal region.
2.1. Satellite derived environmental parameters
2.1.1. Sea-ice
We used the sea-ice data set which was generated using the
Defence Meteorological Satellite Program (DMSP) eF8-F17 Special
Sensor Microwave Imagers (SSMIs) at a grid cell size of
25 km  25 km (Cavalieri et al., 1996). The algorithm developed by
the Oceans and Ice Branch, Laboratory for Hydrospheric Processes
at NASA Goddard Space Flight Center (GSFC) was used to generate
the sea-ice product.
2.1.2. Computation of upwelling velocity
The MetOp-Advanced Scatterometer (ASCAT) measured Level-2
wind vectors are derived from Level-1b data, by using a Geophys-
ical Model Function (GMF), which relates normalized radar cross-
section (s0) to wind speed and direction (Hersbach et al., 2007).
For our analysis, the science quality Level-2 daily swath data ﬁles
available at 12.5 km wind vector cell (WVC) spacing were
composited for valid data pixels for generating monthly images.
Wind stress was calculated from the ASCAT Level-2 swath dataFigure 1. Study area map, with station locations. Red dots are the stations occupied during J
blue during March. The sea ice extent is marked with the corresponding colour for each ye
Please cite this article in press as: Shetye, S., et al., Dynamics of sea-ice biog
to winter, Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.gsf.201using the Tropical Ocean Global Atmosphere e Coupled Ocean
Atmosphere Response Experiment (TOGAeCOARE) algorithm
(Fairall et al., 1996). The curl was calculated using centered differ-
ences for the derivatives, based on gridded ﬁles of the individual
orbits (Gill, 1982). Further, Ekman upwelling is computed as
(curl  s)/(r  f) where, s is the wind stress, r is the density of
surface water and f is the Coriolis parameter (Pond and Pickard,
1983; Jena et al., 2012, 2013).
2.1.3. SST from Aqua-MODIS
SST derived from Moderate Resolution Imaging Spectroradi-
ometer (MODIS) channels using short-wave SST algorithm (3.959
and 4.050 mm) and long-wave SST algorithm (11 and 12 mm) are
available in various spatial and temporal resolutions. The atmo-
spheric correction and SST retrieval method fromMODIS have been
documented by Brown and Minnett (1999). MODIS SST derivation
is similar to non-linear (NL) SST approach (Walton et al., 1998) used
in Advanced Very High Resolution Radiometer (AVHRR) processing
whereby the coefﬁcients are determined by regressing MODIS
brightness temperature to known measured SST (Brown and
Minnett, 1999). In this study, we have used the Level-3 monthly
SST images (spatial resolution of 4 km 4 km), composited for valid
data pixels.
2.1.4. Photosynthetically Active Radiation (PAR)
Aqua-MODIS derived photosynthetically active radiation prod-
uct is available in varied spatial (1 km to 1) and temporal resolu-
tions (up to yearly composite). We used level-3 monthly composite
product of PAR with a spatial resolution of 4.6 km. PAR is crucial for
determining photosynthetic rate of phytoplankton growth and
ocean primary production. The irradiance model of Gregg and
Carder (1990) uses a mixture of marine and terrigenous aerosols
and forms the basis for the algorithm for the MODIS PAR product.
2.1.5. Chlorophyll-a observations
Retrieval of Chlorophyll-a pigment from Aqua-MODIS involves
two major steps namely atmospheric correction of visible bands
(0.41 to 0.55 mm) to measure water leaving radiance (Shettle and
Fenn, 1979; Gordon and Wang, 1994; David et al., 2000; IOCCG,
2010) and development of suitable bio-optical algorithm to mea-
sure Chlorophyll a concentration (O’Reilly et al., 2000). NASA’s
Ocean Biology Processing Group (OBPG) processes the global Level-anuary expedition, green dots are the stations occupied during February expedition and
ar.
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been successively processed to Level-1A, Level-1B, Level-2, and
Level-3 format. In order to avoid the data gaps in daily and weekly
composites of Chlorophyll-a observations, we have used level-3
monthly composites.2.2. In-situ observations
2.2.1. Physicochemical parameters
The sea surface temperature (SST) and sea surface salinity (SSS)
was measured using onboard bucket thermometer (accuracy: 
0.1 C) and Autosal, respectively. AWS anemometers were placed at
a height of 10 m and the wind speed observations were 10 m
neutral stability wind. In situ Mixed layer depth (MLD) was deter-
mined using the temperature difference criteria, DT ¼ 0.2 C in
reference to the temperature at 10m (De BoyerMontégut, 2004). At
stations where CTD proﬁles were not taken MLD was calculated
from temperature proﬁles from argo ﬂoats. Nutrients (silicate,
phosphate, nitrate and nitrite) were measured with an auto-
analyzer by standard colorimetric method (Grasshoff et al., 1983).
Standards were used to calibrate the auto-analyzer and frequent
baseline checks were carried out. The standard deviation for du-
plicates was 0.06 mM for silicate, 0.05 mM for nitrate, 0.01 mM forFigure 2. Satellite image of chlorophyll-a, sea surface temperature (SST), photosynthetically
March 2009.
Please cite this article in press as: Shetye, S., et al., Dynamics of sea-ice biog
to winter, Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.gsf.201nitrite and phosphate. Total carbon dioxide (TCO2) content of
seawater samples was determined using a coulometer (model 5014
of U.I.C. Inc., USA). The reliability of the coulometric titration was
regularly checked with certiﬁed referenced materials (CRMs, Batch
# 92) provided by Prof. A. Dickson (SIO, University of California).
The pHT and pHf were measured at 25 C by cresol red spectro-
photometry (Byrne and Breland, 1989). The pHT of the samples was
then corrected to the in situ temperature following the equation of
Gieskes (1969). Analytical precision was about þ2 mM for TCO2 and
w0.002 for pH. In situ pCO2 was calculated using the dissociation
constants of Dickson and Millero (1987). Total Organic Carbon
(TOC) was measured using the TOC-V-CSH analyzer by high tem-
perature catalytic oxidation method. Standard deviations of tripli-
cate measurements were found to be about 0.2%.2.2.2. CO2 ﬂux calculation
The CO2 exchange ﬂux (mmol m2 d1) across the seaeair
interface was calculated using equation given in Wanninkhof
(1992). F ¼ k  s  DpCO2, where k is the gas transfer velocity
(cm/h), s is the solubility of CO2 gas in seawater (Weiss, 1974) and
DpCO2 is the difference between surface seawater and atmospheric
pCO2. The seaeair pCO2 difference is computed using the pCO2active radiation (PAR) and upwelling velocity during January 2012, February 2010 and
eochemistry in the coastal Antarctica during transition from summer
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pCO2 computed using the CO2 concentrations in the atmosphere
reported by the GLOBALVIEW-CO2.
2.3. Statistical analysis
2.3.1. Correlation coefﬁcients and factor analysis
Pearson’s correlation coefﬁcients for the magnetic and
geochemical data were calculated using the Statistical Package for
the Social Sciences (SPSS Inc, 2007, version 16.0 for Windows).
Factor analysis was carried out on the physicochemical parameters
by principal component analysis using SPSS (version 16). Basically,
it groups related variables into a lesser number of factors (Harman,
1976) which can account for the type of associations and variations
in the data set. We interpreted the meanings of the factors
depending on the variables on which the factors are strongly
loaded.
3. Results
3.1. Variations of satellite measured parameters
Chlorophyll a varied between 0.5e3.5 mg m3, 0.3e3 mg m3
and 0.05e0.25 mg m3 during January 2012, February 2010 and
March 2009 respectively (Fig. 2). Satellite derived Sea surface
temperature (SST) was warmest during February 2010, when the
average SST was 0.42 C, whereas during January 2012 it
was 0.55 C. SST was coldest during March 2009, when it
averaged0.67 C (Fig. 2). Upwelling velocity wasminimumduring
January 2012 (0.09  105 m/s), and maximum during March 2009
(0.55  105 m/s). PAR was maximum during January 2012
(34.5 Einstein m2 d1), decreased in February 2010
(23.5 Einstein m2 d1) and least during March 2009
(13.9 Einstein m2 d1).
3.2. Variations of in-situ parameters
3.2.1. pCO2 and physico-chemical parameters
Fig. 3 indicates the variations in various physicochemical pa-
rameters versus longitude, measured during January (2012),
February (2010) and March (2009). Maximum temperatures during
February (Fig. 2) occurred at the surface immediately after the
breakout of the fast ice. Temperature, was close to or at the freezing
point of seawater throughout the region in March. Salinity, being
lowest in February during melting of sea-ice, icebergs and the
Antarctic polar ice cap, resulted in signiﬁcant surface freshening.
Salinity was highest in March due to the rejection of salt during
freezing. The differences in salinity reﬂect the different stages ofFigure 3. Latitudinal variations in mixed layer depth during January, February and
March in Indian sector of southern ocean. Various fronts are marked as Northern and
Southern subtropical front (NSTF & SSTF), Agulhas Retroﬂection front (ARF), Sub
Antarctic front (SAF), Polar front (PF) and Antarctic zone (AZ).
Please cite this article in press as: Shetye, S., et al., Dynamics of sea-ice biog
to winter, Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.gsf.201melting and freezing of sea ice. The Mixed layer depth (MLD) was
quite shallow throughout Indian sector of Southern Ocean during
January ranging over 50m in the Polar front (Fig. 3). During January
there was some evidence of shoaling mixed layers (Fig. 3). By
February, shallower mixed layers were found at all stations. This is
especially prevalent in the region of the Polar front, mixed layers
shoaled up to 45 m. This change was due to enhanced stratiﬁcation
as a result of lower surface salinities caused by the melt waters
(Fig. 4). By March, mixed layers increased again to around 60 m,
with a deeper mixed layers >100 m at the Polar front.
The concentration of TCO2 was typically in the range from 2100
to 2300 mM, with concentrations at the lower end of the range
recorded during FebruaryeMarch. pH was maximum (8.3) during
January. As compared to January, pH was lower after the ice
breakout in February and decreased further during March (when
freezing started). pH varied between 8.25e8.52, 7.96e8.3 and
7.74e8.25 in January, February and March, respectively (Fig. 4).
pCO2 was low in January, and reached to a minima as low as
167 matm under the sea-ice. The subsequent increase during
February was more gentle, with the pCO2 returning to the early-
winter maximum in March (790 matm). The average pCO2 was
181, 340 and 368 matm, during January, February and March,
respectively. pCO2 ranged from 167e237, 218e596 and
245e790 matm in January, February andMarch, respectively (Fig. 4).
During January, most of the stations had undersaturated pCO2
values.
Total organic carbon ranged from 110 to 175 mM in January, 96 to
232 mM in February, and 44 to 173 mM in March, respectively. The
averaged total organic carbon during January, February and March
was 141, 127 and 90 mM respectively. Nutrients exhibited dissimilar
seasonal cycles throughout the study. SiO4 was maximum in
January and decreased towards March, whereas NO3 and PO4
generally increased during March. The concentrations of macro
nutrients were relatively higher than those observed in open
oceanic region. Comparing all the 3 seasons, the Si/N values
decrease from 2.7 to 1.4 during January to March, respectively
(Fig. 5A), and was always greater than the theoretical diatom up-
take ratio of 1 (Richards, 1958). Si/N ranges from 1.06 to 1.7 from
51E to 58E (Fig. 5B). High Si/N uptake ratio has been observed
previously in the Indian sector of the Antarctic Ocean (TreHguer
and Jacques, 1992). It has been shown that in an iron-limited
environment the diatom Si/N uptake ratio increases (Hutchins
and Bruland, 1998; Takeda, 1998). Thus, the high Si/N found at
Enderby Basin during January is possibly due to the iron limitation
of the production, and this would agree with recent observations in
the south Indian Ocean (Blain et al., 2000) and Antarctic Ocean
(Louanchi et al., 2001). The iron concentrations are expected to
increase during February as there is maximum melting and iron
trapped within the sea ice would be released to the surﬁcial waters.
3.2.2. Seaeair ﬂux and comparison with previous studies
The high latitude coastal regions act as CO2 sinks, and are sup-
ported by our observations.
But at few stations during March, the basin acted as a source
(Fig. 4). Due to the strong wind forcing in the coastal regions, up-
welling in particular plays a signiﬁcant source of atmospheric CO2
with high ﬂux densities. The sea-air CO2 ﬂuxes measured in the
Enderby Basin indicated absorption of atmospheric CO2 at a rate
ranging from 4 to 196 mmol m2 d1 in January, whereas in
February, it varied from 34 to 41.3 mmol m2 d1, and 26 to
60 mmol m2 d1 in March. Averaged CO2 ﬂuxes suggest that the
Enderby Basin acts as a strong sink 81 mmol m2 d1 during
January and as a weak sink of CO2 to the atmosphere, 2.4
and 1.7 mmol m2 d1 during February and March, respectivelyeochemistry in the coastal Antarctica during transition from summer
6.05.002
Figure 4. Variation in physicochemical parameters against longitude during January, February and March.
Figure 5. (A) Variations in Si/N in the Antarctic continental shelf area during January, February and March; (B) shows the variations in Si/N open along the east of 55E (TE) and west
of 55E (TW).
S. Shetye et al. / Geoscience Frontiers xxx (2016) 1e10 5(Fig. 4). Fluxes depict the dynamic nature of coastal ecosystem,
wherein we can see rapid changes within very short distances
(4 mmol m2 d1 at 49.30E and 196 mmol m2 d1 at 50.30E
during January). Such high ﬂux densities (20mmolm2 d1) were
also reported by Louanchi et al. (2001) in coastal Antarctic waters.
Carbon dioxide ﬂuxes in different regions have been given in
Table 1.Please cite this article in press as: Shetye, S., et al., Dynamics of sea-ice biog
to winter, Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.gsf.2013.2.3. Differences between the areas east and west of 55E
During January, the average pCO2 along 20E to 55E was
175 matm, whereas along 55E to 73E was 194 matm. The averaged
pCO2 values during February were lower along 48E to 55E, than
55E to 58E and averaged 337 and 350 matm, respectively. The
averaged pCO2 values during March were also lower along 48E toeochemistry in the coastal Antarctica during transition from summer
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Table 1
Comparison of seaeair ﬂuxes of CO2 in the present study with the CO2 ﬂuxes from
previous studies.
Region Period Flux
(mmol m2 d1)
References
Enderby Basin
Antarctic Coastal
region, Indian
Sector
March 2009
February 2010
January 2012
1.7
2.4
81
Present study
Antarctic Ocean
(Indian Sector)
winter 20 Louanchi et al. (2001)
Antarctic Ocean
(Atlantic Sector)
Summer 3 to þ7 Stoll et al. (2002)
Arctic Ocean Summer 7.7 Murata and
Takizawa (2003)
Chukchi Sea 12
Canadian Coast Year 16.8 Murata et al. (2008)
Table 2
Factor loadings for physico-chemical parameters during January 2012.
F1 F2 F3
Chlorophyll a 0.702 0.308 0.136
PAR 0.072 0.028 0.572
Upwelling 0.154 0.418 0.085
SST 0.680 0.251 0.439
SSS 0.413 0.001 0.688
pCO2 0.865 0.118 0.385
TOC 0.332 0.516 0.001
wind 0.210 0.489 0.453
pH 0.883 0.076 0.379
SiO2 0.341 0.885 0.045
PO4 0.112 0.684 0.529
NO3 0.006 0.757 0.278
Eigen value 3.515 2.736 1.934
Variability (%) 27.035 21.046 14.877
Cumulative (%) 27.035 48.081 62.958
S. Shetye et al. / Geoscience Frontiers xxx (2016) 1e10655E, than 55E to 58E and averaged 323 and 411 matm, respec-
tively. CO2 ﬂuxes along west of 55E were quiet dissimilar to those
along east of 55E. The CO2 ﬂuxes averaged 0.1 and
2.4 mmol m2 d1 along east of 55E during February and March,
respectively, whereas along west of 55E, CO2 ﬂuxes averaged 6.8
and 5.9 mmol m2 d1 during February and March, respectively.
These ﬁndings indicate that the eastern region acted as a source,
whereas the western region acted as a sink for atmospheric CO2.
Higher extreme values of CO2 ﬂuxes were observed mainly in
March, and coincided with the elevated surface water pCO2 values
(Fig. 4).
During February, the macro nutrient concentrations (Fig. 4)
revealed that average PO4 and SiO4 were higher along east of 55E,
by 0.6 and 4 mM. Whereas NO2 and NO3 were higher by 0.08 and
3.4 mM along west of 55E, as compared to east of 55E. Averaged
Chlorophyll a concentrations were 1.5mgm3 along east of 55E, as
compared to 1.1 mg m3 along west of 55E. TOC averaged 142 mM
along east of 55E, whereas along west of 55E average TOC was
only 133 mM, reﬂecting the variations in the biological production
along the two transects. Despite having higher primary produc-
tivity along east of 55E as indicated by the Chlorophyll a and TOC
values, the pCO2 values are high indicating that the biological
processes may not be the primary control over pCO2, and that the
physical processes might be the dominant force. This is reﬂected in
the salinity plot (Fig. 4), showing presence of higher saline CO2 rich
waters along east of 55E.3.3. Principal component analysis
3.3.1. January
Principal component analysis of environmental parameters in-
dicates three major factors that account forw62.95% of variance in
the data (Table 2; Fig. 6). The ﬁrst factor accounts for 27.03% of the
variance (eigen value ¼ 3.51) and is strongly loaded on Chlorophyll
a, SST, pCO2 and pH (Table 2). Based on these loadings, particularly
the strong loadings of pCO2 and pH, we interpret this factor as
biological productivity. The second factor, accounting for 21.04% of
the total variance (eigen value ¼ 2.73), is positively loaded only on
Nutrients. These characteristics indicate that Factor 2 is nutrient
availability. The third factor accounts for 14.87% of the total vari-
ance in the data (eigen value ¼ 1.93). It is strongly loaded on PAR,
SSS and PO4. On the basis of these loadings we interpret Factor 3 as
sea ice cover.
3.3.2. February
Principal component analysis of environmental parameters in-
dicates threemajor factors that account forw55.076% of variance inPlease cite this article in press as: Shetye, S., et al., Dynamics of sea-ice biog
to winter, Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.gsf.201the data (Table 3; Fig. 6). The ﬁrst factor accounts for 22.32% of the
variance (eigen value ¼ 2.903) and is strongly loaded on Chloro-
phyll a, SST, pCO2, pH and PO4 (Table 3). Based on these loadings,
particularly the strong loadings of pCO2 and pH, we interpret this
factor as temperature effect. The second factor, accounting for
19.55% of the total variance (eigen value¼ 2.54), is positively loaded
on only three variables e Chlorophyll a, pH and wind. These char-
acteristics indicate that Factor 2 is biological productivity. The third
factor accounts for 13.18% of the total variance in the data (eigen
value ¼ 1.71). It is strongly loaded on PAR, upwelling and salinity.
On the basis of these loadings we interpret Factor 3 as sea ice
melting.
3.3.3. March
Principal component analysis of environmental parameters in-
dicates three major factors that account for w66.8% of variance in
the data (Table 4; Fig. 6).
The ﬁrst factor accounts for 29.46% of the variance (eigen
value ¼ 3.83) and is strongly loaded on SST, SSS, pCO2, pH and NO3
(Table 4). Based on these loadings, particularly the strong loadings
of pCO2 and pH, we interpret this factor as nutrient availability. The
second factor, accounting for 21.1% of the total variance (eigen
value ¼ 2.7), is positively loaded on only two variables e SST and
wind. These characteristics indicate that Factor 2 is Solar Insolation.
The third factor accounts for 16.24% of the total variance in the data
(eigen value ¼ 2.11). It is strongly loaded on Chlorophyll a, up-
welling and TOC. On the basis of these loadings we interpret Factor
3 as biological productivity and vertical mixing.
4. Discussion
A ﬁrst ever estimate of the magnitude of sea-air CO2 exchange
and the potential role of the Enderby Basin in transfer of atmo-
spheric CO2 during ice covered and ice free period is obtained. At
high latitudes, physical factors such as water mixing and the sol-
ubility pump are more important than biological factors for the
surface pCO2 distribution (Murata and Takizawa, 2003; Shim et al.,
2007). However, major variability is seen during the summer,
probably caused by the melting of sea ice and the sea ice algal
production under the ice cover.
4.1. Environmental factors regulating biogeochemistry
From our results, we ﬁnd that different factors dominate during
the three studied months. During January, primary production is
the most dominant factor, as seen from strong positive loadings for
Factor 1 on Chlorophyll a. This is also seen from Fig. 2, showing higheochemistry in the coastal Antarctica during transition from summer
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Figure 6. PCA plots for various physicochemical parameters during January, February and March.
S. Shetye et al. / Geoscience Frontiers xxx (2016) 1e10 7Chlorophyll a and PAR during January. The positive loadings for
nutrients on Factor 2 indicate that nutrients are available for pri-
mary production. The third important factor during January is sea
ice cover. As seen from Fig. 1, sea ice extent was maximum during
January indicating that brine rejection during sea ice formationTable 3
Factor loadings for physico-chemical parameters during February 2010.
F1 F2 F3
Chlorophyll a 0.572 0.516 0.179
PAR 0.253 0.394 0.595
Upwelling 0.107 0.167 0.758
SST 0.794 0.222 0.365
SSS 0.314 0.428 0.568
pCO2 0.560 0.716 0.159
TOC 0.172 0.321 0.010
wind 0.096 0.697 0.192
pH 0.599 0.690 0.144
SiO4 0.450 0.297 0.279
PO4 0.584 0.155 0.132
NO3 0.198 0.180 0.121
Eigen value 2.903 2.543 1.715
Variability (%) 22.327 19.559 13.189
Cumulative (%) 22.327 41.886 55.076
Please cite this article in press as: Shetye, S., et al., Dynamics of sea-ice biog
to winter, Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.gsf.201increased the surface salinity. During February, temperature seems
to be the most important factor as seen from positive loadings for
temperature on Factor 1 and also from Fig. 2. In absence of sea ice
cover, there is no albedo effect and hence SST is high. The second
important factor is biological production, as seen from positiveTable 4
Factor loadings for physico-chemical parameters during March 2009.
F1 F2 F3
Chlorophyll a 0.020 0.074 0.811
PAR 0.014 0.837 0.236
Upwelling 0.293 0.401 0.666
SST 0.302 0.803 0.049
SSS 0.662 0.407 0.114
pCO2 0.819 0.148 0.303
TOC 0.454 0.053 0.630
wind 0.025 0.866 0.450
pH 0.820 0.102 0.250
SiO4 0.814 0.298 0.068
PO4 0.017 0.079 0.208
NO3 0.778 0.240 0.020
Eigen value 3.830 2.749 2.112
Variability (%) 29.462 21.144 16.243
Cumulative (%) 29.462 50.606 66.848
eochemistry in the coastal Antarctica during transition from summer
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S. Shetye et al. / Geoscience Frontiers xxx (2016) 1e108loadings for Chlorophyll a on Factor 2. The third important factor is
sea ice melting, as seen from negative loadings for salinity on Factor
3. Due to higher temperatures (Fig. 2) sea ice melts as seen from sea
ice extent (Fig. 1), resulting in addition of fresh water which de-
creases the salinity. During March, nutrient availability is the most
important factor affecting biogeochemistry. As seen in Fig. 4, nu-
trients get depleted during March. This is also supported by the
factor loadings showing strong negative loadings for Factor 1 for
March 2009. Light availability is the second important factor, as
during March it is the transition from summer to winter and Fig. 2
clearly shows the lower PAR during March. The third important
factor is vertical mixing and primary production. Fig. 2 clearly
shows higher upwelling velocities during March, this is also
evident from the positive loadings for Factor 3 and upwelling ve-
locities. Biological production does not play a major role during
March as seen from the slight negative correlation between Chlo-
rophyll a and pCO2.
Comparing all the 3 months results, we can see a drastic change
in the dominant factors affecting biogeochemistry from summer to
early winter. Primary production, nutrient availability, light avail-
ability, temperature, sea ice melting/freezing and vertical mixing
were the most important factors. Irradiance and nutrients played
signiﬁcant role in the study region. This observation has been re-
ported earlier by several authors (Grossi et al., 1987; Cota and
Sullivan, 1990; Mishra et al., 2015). Irradiance varied from
>40 Einstein m2 d1 during January to <10 Einstein m2 d1
during March. As seen from Fig. 2, during January, irradiance is in
fact the sole factor that limits the phytoplankton production, as
nutrients are abundant relative to Phytoplankton requirements.
4.2. Nutrient availability
In the Enderby basin, as in all marine systems, variability in
surface water pCO2 is generated by the interplay of primary pro-
ductivity, vertical mixing, and air-sea exchange. The magnitude of
primary production depends upon surface ocean nutrient supply
and mean irradiance levels, both of which are strongly inﬂuenced
by vertical stratiﬁcation and mixed layer depths (MLD) (Fig. 3).
Coastal upwelling systems that can be a source of atmospheric CO2
such as the Oregon coast (Hales et al., 2005) tend to have high levels
of nitrate and phosphate. Among the nutrients, nitrate, phosphate
and silicate are the principal variables that limit the phytoplankton
growth. The nutrient concentrations are high, reaching amaximum
value of 41.7, 3.8 and 58 mM for NO3, PO4 and SiO4, respectively
(Fig. 4). In the Enderby basin, the concentration of silicate is less
than that of nitrate at most of the stations. This feature was pre-
viously described in Antarctic Ocean (Knox, 1994) and was related
to the efﬁciency of nitrogen recycling with respect to silicon recy-
cling (TreHguer and Jacques, 1992). Signiﬁcantly, higher concen-
trations of macro nutrients occurred in the Antarctic continental
shelf than in the open oceans which may be due to cross-shelf
break upwelling, in addition to the rapid remineralization of
organic matter due to enhanced pelagic and benthic coupling
(Muller-Karger et al., 2005). Recent studies have also concluded
that the availability of inorganic nutrients may limit ice algal pro-
duction, particularly when biomass levels are elevated during the
latter stages of blooms (Meguro et al., 1967; Grainger, 1977). Nu-
trients may be supplied to ice algae by three principal mechanisms:
desalination (brine rejection and drainage), regeneration or vertical
diffusion from the water column (Meguro et al., 1967). Nutrients
potentially available to ice algae are found both in seawater and in
ice. The potential for silicon limitation in sea ice systems in fully
marine waters has been emphasized in high latitude studies (Cota
and Sullivan,1990). From summer (January) to early winter (March)
the average values of SiO4 decreased, however the average values ofPlease cite this article in press as: Shetye, S., et al., Dynamics of sea-ice biog
to winter, Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.gsf.201NO3 and PO4 show an increase, which may be a result of the in-
crease in the MLD, which pumps subsurface nutrient-rich waters
under the sea ice cover (Fig. 3).
4.3. Elevated pCO2
Due to the high biological productivity of coastal regions
(Codispoti et al., 1986), biogeochemical processes can cause high
spatial variations in pCO2 as evident from our results. In winter, the
reverse processes like remineralisation of organic material, cooling,
and sea-ice formation occurs, and gas exchange is considerably
limited by the presence of sea-ice. Biological processes clearly
dominated the control of pCO2 in January (Fig. 6). Increasing tem-
peratures and dilution by fresher waters from melting sea-ice,
icebergs and glaciers could not have produced such large pCO2
drawdown. In contrast, biological drawdown of pCO2 by phyto-
planktonwould have resulted in the pCO2 changes. Sea-ice covered
the study site through January while pCO2 decreased rapidly to
below 200 matm. The average pCO2 during March was 368 matm,
whereas during January was 181 matm. The half drawdown of pCO2,
is attributed to higher biological production (Fig. 2) which may be
due to the occurrence of spring phytoplankton blooms during
January (avg. Chlorophyll a ¼ 1.5 mg m3 and TOC ¼ 141 mM), as
compared to March (avg. Chlorophyll a ¼ 0.1 mg m3 and
TOC ¼ 90 mM).
Higher pCO2 during March can also be due to intensive decay of
organic matter (Pipko et al., 2002). In March, the sea ice cover
(Fig. 1) would have led to elevated CO2 levels by preventing escape
of CO2 to the atmospherewhich was produced via the respiration of
organic matter (Priscu et al., 1999; Neumann et al., 2001). The end
of summer-time production was accompanied by sharp increase in
pCO2 and decrease in pH in March. These rapid changes may partly
also reﬂect the changes due to the MLD as seen from Fig. 3, wherein
the deeper MLD during March indicates supply of higher pCO2
values from deeper depths. In addition processes like freezing,
melting and lateral advection of Circumpolar Deep Water (CDW)
would have contributed towards higher CO2 concentrations in
surface waters. The advection of CO2 rich deeper water under the
ice cover is reﬂected by the increase in salinity at 56E during
March (pCO2 ¼ 790 matm, salinity ¼ 34.01 psu). Anilkumar et al.
(2010) have reported upwelling and CDW along 50E and 60E.
Anderson et al. (2009) has also reported wind driven upwelling
around Antarctica and its role in regulating CO2 levels. Bakker et al.
(2008), based on the O2 minima, suggested that upwelling of CDW
occurs elsewhere around Antarctica, and is not limited to the
Weddel Gyre. We observed high upwelling velocities in March
0.5e0.6  105 ms1, whereas during January/February we found
lower velocities (0.1  105 ms1) (Fig. 2). Comiso et al. (1993)
showed that the Antarctic Circumpolar Current exhibits high up-
welling velocities (0.3e0.4  105 ms1) during the winter and
lower velocities (0.1 105 ms1) in December/January. Upwelling
would have resulted in the higher pCO2 during March. Also, our
comparison of the west of 55E and east of 55E showed elevated
pCO2 values along the east of 55E, which againwould be due to the
upwelling and CDW, as these physical processes can overrule the
reduction due to the biological production at east of 55E (Chlo-
rophyll a 1.5 mg m3) as compared to west of 55E (Chlorophyll a
1.1 mg m3).
As a result of the undersaturated pCO2 values during January,
the calculated ﬂuxes suggest that the Enderby Basin acts as a strong
sink of atmospheric CO2 during January, whereas it was aweak sink
(2.4 and 1.7 mmol m2 d1) during February and March,
respectively. While the ice and leads in the ice would have allowed
heat to escape from the mixed layer to the atmosphere, the ice
cover must have prevented a signiﬁcant release of CO2 and othereochemistry in the coastal Antarctica during transition from summer
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cover during March (Gordon et al., 1984; Klatt et al., 2002).
4.4. Processes driving pCO2 during summer and winter season
Ecology of sea ice has been studied intensively for several de-
cades, but the role of sea ice in coastal Antarctic biogeochemistry has
received little attention. Sea ice plays an important role in regulating
physical processes like PAR, temperature, nutrients, ice extent and
biological processes like carbon uptake by algae. In Antarctica, ice
melting starts in December, in the presence of warm waters below
thewinter mixed layer (Bakker et al., 2008). During January, the sea
ice cover severely reduces the amount of light available for phyto-
plankton production but provides a stable habitat (by removing
wind effect) for sea ice algal colonization andgrowth.Despite the ice
cover sufﬁcient light would penetrate through the brine holes, thus
sufﬁcient light penetrates and reaches the surﬁcial waters. In fact,
the sea ice cover protects the algae from the harmful ultra violet
radiation. Thus resulting in rapid growth of the algae at the under-
ﬂanks of the sea ice and a high drawdown of pCO2 as observed in the
present study in January (181 matm). The observedCO2 sink is clearly
biologically driven, as the pCO2 changes are too large to result from
temperature or salinity changes. This is accompanied by DIC
changes, and is often well-correlated with surface Chlorophyll-a
concentrations (Rubin et al., 1998). Bakker et al. (1997, 2008)
observed that in summer, the Ross and Weddell Seas and the
coastal waters in the Amundsen and Bellingshausen Seas are strong
CO2 sinks with pCO2 values as low as 170 matm (w210 matm below
the air pCO2) due to intense photosynthesis, whereas they are a
strong source during winter with pCO2 as high as 425 matm due to
upwelling of high-CO2 deep waters. During March (early winter),
freezing starts and the physical processes like circumpolar deep
water, upwelling intensity and salt rejection driven convection
become more active. The PAR reduces drastically and the light
penetrating become limited, as also the macro nutrient like silicate
which was utilised during the summer blooms becomes limited.
Thus the pCO2 brought to the surﬁcial waters by physical processes
tend to dominate over the biological drawdown resulting in the
saturated pCO2 observed in March. Weiss et al. (1992) observed
super saturation of pCO2 by 40 matm in the southeastern Weddell
Gyre in JuneeNovember, while strong under saturation of pCO2 by
60 to 130 matm, was found along the Prime Meridian in February
(Weiss et al.,1992). Our observations in combinationwith these past
observations suggest that the Antarctic Seasonal Ice Zonemight be a
source of CO2 to the atmosphere in winter.
The present study revealed that sea ice plays a dual role towards
climate change, by decreasing sea surface pCO2 in summer by
preventing diffusion to the atmosphere and enhancing pCO2 in
early winter. Our results indicate that the expected loss of sea ice
over the next century would decrease primary production in the
Southern Ocean, resulting in a slight positive feedback on climate
warming. However, Arrigo et al. (1999) reported negative feedback
to climate change as a result of phytoplankton community shift and
greater utilization of nutrients. Sarmiento et al. (1998) reported
that the reduction in sea ice extent will decrease salt rejection
driven convection and an increasedwind forcedmixing. Clearly, the
response of the system is very complex and must be addressed
through detailed biogeochemical studies focussing on the monthly
variations and not just winter and summer conditions.
5. Conclusions
This study reports the sea ice driven biogeochemical changes in
coastal Antarctica during transition from summer to winter. The
spatial variations in pCO2 were primarily associated with verticalPlease cite this article in press as: Shetye, S., et al., Dynamics of sea-ice biog
to winter, Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.gsf.201mixing, but biological processes dominated during summer. The
study area overall acted as a strong CO2 sink during January,
however it acted as a weak CO2 sink during February and March.
The persistent high sea surface pCO2measured in this region during
March is attributed to a combination of the following factors: (1)
low nutrient concentrations, (2) low Light intensity, (3) lower pri-
mary production, (4) deep mixed layer and high upwelling velocity,
and (5) oxidation of organic matter.
From our study we conclude that sea ice plays a dual role in
regulating biogeochemistry in coastal Antarctica, it reduces the
pCO2 during summer, whereas it enhances pCO2 in early winter.
Further studies should try to elucidate the role of the sea ice extent
in the rapid changing carbon chemistry in the Indian sector of the
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